Identifying the nature of a spin-flop (SFO) transition, first-or second-order (FO or SO), remains a major challenge in condensed-matter physics due to the technically undistinguishable effect of misalignment between applied-field direction and the relevant antiferromagnetic (AFM) easy axis. A classical SFO transition is believed to be of FO in character. Here a mean-field theoretical calculation endowed with AFM exchange interaction (J ), easy axis anisotropy (γ), uniaxial singleion exchange anisotropy (D), and Zeeman coupling to a magnetic field parallel to the easy axis unambiguously reveals that a SO SFO transition indeed exists by virtue of its relatively lower free energy. Their equilibrium phase conditions are found to be:
Identifying the nature of a spin-flop (SFO) transition, first-or second-order (FO or SO), remains a major challenge in condensed-matter physics due to the technically undistinguishable effect of misalignment between applied-field direction and the relevant antiferromagnetic (AFM) easy axis. A classical SFO transition is believed to be of FO in character. Here a mean-field theoretical calculation endowed with AFM exchange interaction (J ), easy axis anisotropy (γ), uniaxial singleion exchange anisotropy (D), and Zeeman coupling to a magnetic field parallel to the easy axis unambiguously reveals that a SO SFO transition indeed exists by virtue of its relatively lower free energy. Their equilibrium phase conditions are found to be: D ≥ 0 (FO); − 1 2 γ < D < 0 (SO). Compared numerically to the associated AFM and spin-flip phases, the deduced SO SFO transition results from a negative single-ion anisotropy which is restricted to a certain range by the anisotropic exchange interaction. For a collinear antiferromagnet below the Néel temperature, when magnetic field (B) applied along its antiferromagnetic (AFM) easy axis reaches a critical point (B SFO ), the AFM sublattice spins suddenly rotate 90
• so that they will be perpendicular to the original AFM easy axis. This is the traditional spin-flop (SFO) transition, typically a first-order (FO) type. After this, the flopped spins are gradually tilted along the field direction with increasing field strength (B > B SFO ) until they are completely aligned at a sufficiently high field (B SFI ), which is the so-called spin-flip (SFI) transition. These magnetic phase transitions with field are schematically sketched in Fig. 1 .
Néel for the first time proposed theoretically the possibility for a SFO transition in 1936 [1] . Subsequently, it was observed experimentally in a CuCl 2 ·2H 2 O single crystal [2] . Since then, the SFO transition has been extensively investigated, and the corresponding phenomenological theory has been comprehensively developed, generally confirming that it is of FO in nature [3] [4] [5] [6] . However, most of the reported sharp SFO transitions [6] [7] [8] display no magnetic hysteresis effect characteristic of a FO phase transition. This was attributed either to a low magnetic anisotropy [6, 8] or to a softening of surface magnons [9] . In addition, some FO SFO transitions are obviously continuous occurring in a broad field range, which was ascribed either to a domain effect resulting from the inhomogeneous character of the diluted systems or to a misalignment of the applied field with regard to the AFM easy axis [4, 10] . On the other hand, this kind of continuous magnetic behavior, the absence of the magnetic hysteresis, and the experimental observation of a possible intermediate phase in the SFO compound CoBr 2 · 6[0.48D 2 O, 0.52H 2 O] [11] cast considerable doubt on the nature of SFO transition and in addition may indicate a second-order (SO) type phase transition. Indeed, early theoretical calculations [12, 13] predicted an intermediate regime bordering with the AFM and the spin-flopped states. However, this has not yet been confirmed based on the principle of minimum total potential energy. In addition, a deviated (which is called "freely-rotating" in this study) ferromagnetic (FM) phase [12, 14] was also predicted, but has never been experimentally observed so far.
In this paper, the magnetic-field induced SFO and SFI phase transitions of the localized collinear antiferromagnets are explored via a mean-field theoretical calculation, which conclusively rules out the possibility for a deviated FM-like state [12] and unambiguously reveals that a SO SFO transition indeed exists theoretically through comparing for the first time their relative systematic energies.
Methods The calculation performed here is limited to the purely-localized collinear AFM systems, ignoring the effect of valence electrons on magnetic couplings. In case of considering a two-sublattice spin configuration (Fig. 1) , the corresponding Hamiltonian terms of such kind of systems considered in a magnetic field B consist principally of magnetic exchange, spin-exchange anisotropy, single-ion anisotropy, and Zeeman coupling. Assuming that an AFM easy direction with localized sublattice moments M + and M − is along the z axis ( Fig. 1(a) ) and that the completely-flopped spins are parallel to the x axis (Figs. 1(b) and (c)), the sublattice-moment vectors within the xz plane ( Fig. 1(b) ) can thus be written as:
respectively, wherex andẑ are the unit-vectors along the x and z axes, respectively. Therefore, the resultant sysarXiv:1404.3914v1 [cond-mat.str-el] 15 Apr 2014 • , and β1 ≡ β2 = β in the saturation magnetic state at sufficiently low temperatures. (c) When φ = 90
• , sublattice moments are rightly flopped at BSFOF and then tilted away from the x axis by an angle β. Here β ∈ (0
• , 90
• ) and BSFOF ≤ B < BSFI in the process of a SFI transition. (d) Sublattice moments M+ and M− are completely aligned along the B (i.e. z) direction in a strong enough field BSFI so that β = 90
• . The corresponding equilibrium phase conditions of the deduced magnetic states are listed in the low panels of (a-d), respectively.
tematic energy (E ) within the mean-field approximation can be calculated by:
where the four terms in turn denote the four Hamiltonian components as the foregoing remarks, and J, γ, and D are the universal magnetic-coupling, anisotropicexchange, and single-ion anisotropic constants, respectively. At a nonzero temperature point, with increasing magnetic field B ( z axis) as shown in Figs. 1(a) and (b), sublattice moment M + (M − ) increases (decreases) as a consequence, which leads to β 1 < β 2 . In the saturation magnetic state, i.e., M + ≡ M − = M 0 , at low enough temperatures, β 1 ≡ β 2 = β. Hence, Eq. (2) can be simplified as: 
cos φ = 0, cos β = 0.
In the following, the four combinations (4-7) will tentatively be solved: (i) Firstly, the combination (4) involves the most formidable challenge, and one can obtain ultimately two solutions: (A) sin φ = sin β = 0, i.e., φ = β = 0; (B) sin φ = δ sin β, where sin β = δM0(2D+γ)−B 4δM0D and δ = 2J+2D+γ 2D+γ . The former case (A) is associated with an AFM ground state as shown in Fig. 1(a) , while the latter case (B) signifies a correlated change of φ with β. (ii) The combination (5) implies that φ = π 2 , and sin β = B M0(2J−2D+γ) , which corresponds to the process of a SFI transition (Fig. 1(c) ). Insets of (a) and (c) show an enlargement of the most interesting field regimes. The ESFI under B < BSFOF is also shown (dashed read line). Indeed, it is higher than those of the AFM state and the state during the process of the SFO transition. In (c), the mathematically permissible E of the SO SFO transition is also displayed. In any case, the solid lines as shown in (a-c) represent the theoretically-allowed magnetic ground states with field B.
a spin-flipped state ( Fig. 1(d) ). Therefore, the SFI transition field B SFI depends not only on the moment size M 0 but also on the values of J, γ, and D. (iii) From the combination (6), one can deduce that β = (7) indicates that φ = β = π 2 , which corresponds to a spin-flipped state as schematically shown in Fig. 1(d) .
Discussion As shown in Fig. 1 , 0 • at BSFO = BSFOB = BSFOF indicative of a FO SFO transition, after which the magnetic state enters into the process of a SFI transition. In (a) ((b)), below BSFOB (BSFO), φ = β = 0
• ; above BSFI, φ = β = 90
• .
there are two boundary magnetic fields corresponding to the SFO transition (i.e. the second solution of the combination (4) To calculate the energy scales of the deduced magnetic states from the four combinations (4-7), one can substitute their respective equilibrium conditions as discussed above back into Eq. 3 and then obtain:
the one corresponding to the deduced SO SFO transition ( Fig. 1(b) ) is presented separately due to its complexity:
To quantitatively compare the energies (Eqs. (8-12) ), in the following the comparison will be divided into three parts based on the value of D. Firstly, the case of the SO SFO transition under the condition of − ∼ 2.414, and B SFI = M 0 (2J − 2D + γ) ∼ 22.514 T. Therefore, the relative systematic energies of all possible magnetic states can be calculated as shown in Fig. 2(a) . Secondly, in the above assumed parameters if one sets D = 0 T/µ B , then γ ∼ 0.828 T/µ B , and B SFOF = B SFOB = 8 T, which corresponds to the FO SFO transition. The calculated relative energies at D = 0 T/µ B are shown in Fig. 2(b) . Thirdly, in the case of D > 0, B SFOB > B SFOF . To extract the exact field for the FO SFO transition, solving E AFM (Eq. 8) = E SFI (Eq. 9) yields that B SFO = M 0 (2D + γ)(2J − 2D + γ). If one sets D = 0.2 T/µ B , then γ ∼ 0.561 T/µ B , and B SFI ∼ 16.645 T. The corresponding energy scales at D = 0.2 T/µ B are displayed in Fig. 2(c) . It is clear that in the field range of B ≤ B FM , the relative systematic energy E FM is always higher than those of other allowed magnetic states (Fig. 2) , indicating that the freely-rotating FM-like state doesn't exist at all. As shown in Fig. 2(a) , an AFM state persists up to B SFOB , then a SO SFO transition occurs in the range of fields B SFOB ≤ B ≤ B SFOF , followed by a SFI transition at B > B SFOF . Finally, all sublattice spins are aligned along the field direction at B SFI . By contrast, as shown in Figs. 2(b) and (c), an antiferromagnet experiences a FO SFO transition at B FO-SFO and then enters directly into the process of a SFI transition.
The nature of a SFO transition can also be recognized by the character, continuous or discontinuous, of the first derivative of the energy (Fig. 2 ) with regard to magnetic field based on the Ehrenfest's criterion [15] for the FO and SO phase transitions. A continuous slope change is clearly illustrated in Fig. 3(a) where one can easily deduce that the second derivative ∂ 2 E/∂ 2 B is indeed discontinuous, whereas an abrupt change in the slope is obviously displayed at B FO-SFO in Figs. 3(b) and (c). To better understand the magnetic phase transitions with field, the values of the angles φ and β (Fig. 1) for all deduced magnetic states are also calculated in the whole field range as shown in Fig. 4 . The SO SFO transition (Fig. 4(a) ) and the FO SFO transition (Fig. 4(b) ) are especially clear in terms of the variation of φ and β with field. Until now, it can firmly be concluded that a SO SFO transition indeed exists theoretically.
When φ = 90
• and β = 0 • , the systematic energy of the classical SFO transition with a 90
• rotation of the AFM spins is calculated as E C-FO-SFO = −JM 2 0 according to Eq. 3. By comparing E C-FO-SFO with that of the AFM state, i.e. E AFM (Eq. 8), it is clear that the classical SFO transition occurs only when D = γ = 0.
In summary, a consistent mean-field calculation of the SFO and SFI transitions has been performed for the localized collinear antiferromagnets. In this study, two special magnetic states with field are derived: a freelyrotating FM-like state and a SO SFO transition. Based on the quantitative comparison of the ground-state energies, the former case has been clearly ruled out. But the latter case indeed exists, which is a sharp contrast to classical theories where the traditional SFO transition displays a FO fashion. This model calculation unifies AFM state, FO and SO SFO transitions, spin-flopped state, SFI transition as well as spin-flipped state. Their respective boundary conditions are extracted and listed in Fig. 1 . Inelastic neutron scattering on suitable real SFO compounds to extract the relevant parameters for a verification of the deduced boundary conditions would be of great interest, and Eq. 3 merits a tentative expansion with more agents.
